ABSTRACT Sponges (phylum Porifera) are simple metazoans for which no molecular information on gametogenesis and larval development is available. To support the current study, it was confirmed by histology that oocytes and larvae were produced by the demosponge Suberites domuncula. Three genes/expressed products from S. domuncula whose expression correlated with sexual reproduction were identified and characterized (they are used here as marker genes): i) a receptor tyrosine kinase (RTK) with sequence similarity in the tyrosine kinase domain to fibroblast growth factor receptors; ii) the sex-determining protein FEM1 and iii) the sperm associated antigen (SAA) of triploblasts. Antibodies against the extracellular domain of the RTK specifically stained oocytes and larvae in S. domuncula tissue sections. Induction of these three genes was successful at elevated temperature, a factor which also promotes natural gametogenesis. In situ hybridization analyses revealed that FEM1 and SAA were expressed in those areas in which gametogenesis begins. Our results indicate that genes which play a role in sex determination may be present in Porifera.
Introduction
Sponges [phylum Porifera] are subdivided into three classes, Hexactinellida, Demospongiae and Calcarea. Molecular sequence data has established that the Calcarea are the sister group to higher metazoan phyla, while the other two classes branched off from the common metazoan ancestor, the Urmetazoa, as the phylogenetically earliest taxon Müller, 2001; Müller et al., 2001) . Porifera are considered to lack organs, muscles or a nerve cell system; nevertheless they are composed of differentiated cells that originate from stem cells and comprise structural and functional elements to establish a defined body plan (Müller et al., 2003a; reviewed in: Müller et al., 2004) . The sponge body is surrounded by an epithelium that encompasses a mesogleal compartment, the mesohyl; this is reticulated in a highly organized manner by a canal system and these canals are also lined by the epithelium. The epithelial layer is formed by several types of Abbreviations used in this paper: RTK, receptor tyrosine kinase; SAA, sperm associated antigen. pinacocyte cells; (i) those which constitute the external epithelium, the exopinacoderm, are termed exopinacocytes, (ii) the cells which allow the attachment to the substratum, are the basopinacocytes that form the basopinacoderm and (iii) those which form the aquiferous canals are the endopinacocytes of the endopinacoderm. All cells are associated with each other by a highly complex cell-cell adhesion system (see : Müller, 1982; Müller et al., 1988; Blumbach et al., 1998; Schütze et al., 2001 ) and in some sponge species they are additionally connected by cell junctions (see : Simpson, 1984; Adell et al., 2004) . To date only cytological markers have allowed a description of the differentiation pathways of sponge cells (Boury-Esnault and Rützler, 1997); molecular markers are only available for the sclerocytes (= skeletal cells) (Müller et al., 2003a and 2003b; Müller et al., 2004) . Conse-´´ A C D B quently, it remains uncertain which cell type(s) is the totipotent one from which the other differentiated cells derive. At present, motile archaeocytes in the mesohyl are considered totipotent (see: Simpson, 1984) and it has been proposed that the germ cells derive from these totipotent archaeocytes (reviewed in: ). The germ cells must then undergo a reduction of chromosome number by half during gamete formation, in order to reinstate the diploid chromosome number during fertilization. To the best of our knowledge this process of meiosis has not yet been described in sponges. Therefore, it is not surprising that the differentiation stages starting from the archaeocytes are still under discussion (see : Simpson, 1984; Witte and Barthel, 1994) . While Borojevic (1966) presented evidence that the differentiated pinacocytes and choanocytes are probably terminally differentiated, it has, in contrast, been hypothesized that choanocytes are still able to develop into polyblasts from which again archaeocytes can differentiate (Connes et al., 1974) . Thus sponge cell lineages, especially those involved in development and reproduction, are only poorly understood. Sponges do not have specialized reproductive organs so germ cells are likely to be located throughout the animal. In the freshwater species Spongilla lacustris germ cells are known to differentiate from archaeocytes either directly, as in the case of the oocytes, or via the choanocyte stage, as for the spermatocytes (Paulus, 1989) . A similar genesis has been described for the marine demosponge Halichondria panicea (Barthel and Detmer, 1990; Witte and Barthel, 1994) . It also remains basically unknown whether sponges are gonochoric, hermaphroditic or both, in parallel or successively. It is, however, firmly established that sponges reproduce both asexually, via gemmules and sexually through germ cells (reviewed in: Simpson, 1984) . The latter results in the formation of larvae which have been grouped into four general morphological categories (see: Leys, 2003) ; amphiblastula, coeloblastula, parenchymella and trichimella, the latter being characteristic for hexactinellid sponges. Again, this classification should not be considered as definitive since most descriptions rely on static images obtained at various, uncertain stages (Leys, 2003) . Specific molecular probes characteristic for germ/larval cells in the sponge system, which would help to determine cell lineages, have not yet been described. The aim of the present study was to identify molecular probes which could be used to study sponge development and differentiation, using the demosponge Suberites domuncula as a model species. Indeed, the first study on gametogenesis in S. domuncula was by Carter (1883) who demonstrated that oocytes and spermatogenic cysts are present in the tissue. We used antibodies raised against the extracellular domain of a receptor tyrosine kinase (RTK) from S. domuncula [termed RTKvs_SUBDO], which displays no remarkable sequence similarity to any protein present in the databases. In the intracellular region this sequence has similarity to fibroblast growth factor receptors (FGFR), which are known to be involved in developmental and differentiation processes (Ornitz and Itoh, 2001) . Histological studies with the RTKvs_SUBDO antibodies provided the first marker to specifically recognize sponge oocytes and larvae. In our search for further tools to identify specific genes involved in sponge gametogenesis and/or embryogenesis we selected two further cDNAs from the S. domuncula EST database (http://spongebase.genoserv.de/). The first is a member of the FEM1 (feminization gene) family (VenturaHolman et al., 1998) , a molecule which acts in Caenorhabditis elegans as a component of the signal transduction pathway controlling sex differentiation (Kimble et al., 1984; reviewed in: Reinke et al., 2000) and is also highly expressed in mammalian systems (Ventura-Holman et al., 2003) . The second cDNA encodes the sperm associated antigen (SAA), which is a marker protein of spermatogenesis in mammals (Beaton et al., 1994) . These elaborated molecular tools, the antibodies against S. domuncula RTK/FGFR and the genes RTK, FEM1 and SAA, were applied together in an attempt to gain the first insights into gametogenesis and larval development in sponges.
Results
The sponge species Suberites domuncula and its oocytes S. domuncula was first described as Alcyonium ficus (Pallas, 1766) and/or as Alcyonium (Suberites) domuncula (Olivi, 1792) . At present, this taxon is systematically subdivided into S. domuncula (Olivi, 1792) and S. ficus (Johnston, 1842) The prominent difference between these two "species" are their growth forms; S. domuncula grows commensally with a hermit crab (Pagurites oculatus [Decapoda: Paguridea], which resides predominantly in shells of the mollusk Trunculariopsis trunculus [Gastropoda: Muricidae]) (Fig. 1A) , while S. ficus can be found encrusting the bivalve Chlamys opercularis (Fig. 1B) , or in other massive forms. Burton considered the two assumed species as the same taxon (Burton, 1953) . Since morphological characteristics, primarily the spicules, are not sufficient for species discrimi-
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A Fig. 2 . S. domuncula receptor tyrosine kinase with sequence similarity to the fibroblast growth factor receptor. (A) The deduced sponge fibroblast growth factor receptor, RTKvs_SUBDO, is aligned with related sequences from other taxa; with the human fibroblast growth factor receptor 4 variant (FGFR4_HOMO, accession number AAK51435.1; the TK domain was used for the alignment) and the human receptors: the epidermal growth factor receptor precursor [receptor protein-tyrosine kinase ErbB-1] (EGFR_HOMO, P00533), the platelet-derived growth factor receptor beta precursor [beta] (PDGFRb_HOMO, NP_002600.1) and the vascular endothelial growth factor receptor 2 precursor (VGR2_HOMO, P35968). The protein sequence RTKvs_SUBDO comprises an extracellular region, a transmembrane part (TM), the juxtamembrane region (JM) and the intracellular TK domain (subdomains I to XII). In the extracellular region one very distantly related immunoglobulin-like (Ig-like) domain can be traced (aa 74 to aa 148 ). Within the TK domain the 12 characteristic subdomains (in roman letters) are delimited; the conserved aa residues are marked (+). Residues conserved (similar or related with respect to their physico-chemical properties) in all sequences are shown in white on black and those in at least three sequences in black on gray. The extracellular part of RTKvs_SUBDO was prepared recombinantly in E. coli (underlined). The human sequences were truncated, only the central TK domains are shown. (B) These five sequences are compared with the fibroblast growth factor receptor from Drosophila melanogaster (FGFR_DROME, BAA03617.1), the FGFR EGL-15 from Caenorhabditis elegans (EGL-15_CAEEL, AAP44084.1) and the sponge [Geodia cydonium] receptor tyrosine kinase (GCRTK_GEODIA,CAA51198.1). The tree was computed. Scale bar indicates an evolutionary distance of 0.1 aa substitutions per position in the sequence.
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region (aa 403 to aa 472 ), the intracellular TK domain (aa 473 to aa 733 ) and a serine rich region at the C-terminus ( Fig. 2A) . The highest sequence similarity of the characteristic intracellular TK domain from S. domuncula is to the fibroblast growth factor receptors 4 (FGFR4) listed in the databases. Until now no RTK protein comprising high sequence similarity to FGFRs has been described from sponges (Schäcke et al., 1994; Ono et al., 1999; Suga et al., 2001) . Since the data presented here suggest a correlation with the sex-determination of selected cells, we termed the deduced protein SDRTKvs and coding for RTKvs_SUBDO [v: variant; s: sex-determination specific].
The extracellular part of the RTKvs_SUBDO shows no obvious similarity to any other (deduced) protein submitted to the databases. Therefore, this part of the protein can currently be considered to be sponge-specific. Usually the metazoan FGFRs, especially those from group-4, comprise immunoglobulin-like (Ig-like) domains in the extracellular regions (Hardie and Hanks, 1995) . Motif scan analysis of the sponge extracellular domain with the Isrec-Server (2003) revealed a non-significant similarity to Ig-like domains with an expected value E = 2.1e+2 between aa 74 to aa 148 ( Fig. 2A) . The intracellular TK domain, however, possesses the 12 characteristic subdomains (Hanks and Quinn, 1991; Hardie and Hanks, 1995) . Without exception all conserved aa residues found in TK domains of other fibroblast growth factor receptors are present in the sponge sequence ( Fig. 2A) . The gel was stained with Coomassie brilliant blue, or (B) the proteins were blot transferred and reacted with PoAb-RTKvs. Detection of the immunocomplex was carried out as described under "Materials nation we applied rRNA sequence analysis, to enable us to incorporate both 'species' into our analysis. It was found that no nt exchanges exist in the 18S rRNA/SSU between the supposed S. domuncula and S. ficus specimens. Likewise no significant differences were identified in the 28S rRNA/LSU sequence, as described under "Materials and Methods". Therefore, we follow the view of Burton (1953) and unify S. domuncula and S ficus as Suberites domuncula sensu Burton, 1953 and have used material from both locations described in this study. Cross sections through S. ficus collected in early summer (May/June), the season for the production of gametes and larvae (Diaz, 1973) , show what appear to be numerous oocytes and occasionally developing larvae (Fig. 1 C, D) . If these are indeed reproductive bodies, then they are present in large numbers, especially adjacent to the aquiferous canals. The sizes of the oocytes or developing larvae are between 80 and 130 µm, matching those described for S. massa (Diaz, 1973) .
Receptor tyrosine kinase SDRTKvs
The cDNA SDRTKvs encoding the receptor tyrosine kinase RTKvs_SUBDO with a length of 3516 nt, comprises the ORF from nt 400/402 to nt 2803/2805 (stop) . From the deduced 801 aa the size of the protein was predicted as 89,431 Da. The protein sequence comprises, as all the other RTKs, an extracellular region (aa 1 to aa 352 ), a transmembrane part (aa 353 to aa 402 ), a juxtamembrane
and Methods". The 90 kDa band, corresponding to the sponge RTK, is marked. (C) The intensities of the bands were quantified, as described under "Materials and Methods". The relative degree of expression is given and correlated with that seen for the maximal expression (during May/June).
Phylogenetic analysis
As known from previous studies, RTKs occur in metazoans from sponges to the crown species, but are absent in yeast and plants (Schäcke et al., 1994; Müller and Schäcke, 1996) . Sequence alignment shows that the sponge RTKvs_SUBDO lacks an insert in the TK domain, that is characteristic for fibroblast growth factor receptors, platelet-derived growth factor receptors as well as for vascular endothelial growth factor receptors. In this respect the S. domuncula protein displays higher similarity to the epidermal growth factor receptor, a non-split RTK. A radial unrooted phylogenetic tree was constructed together with the two protostomian sequences (D. melanogaster and C. elegans) and the sponge RTK from G. cydonium. Based on this comparison, the S. domuncula kinase clusters together with the human plateletderived growth factor receptor (Fig. 2B) .
Recombinant receptor tyrosine kinase RTKvs and immunohistochemistry
The polyclonal antibodies PoAb-RTKvs were used for an immunohistochemical analysis. Cross sections were perfomed through specimens collected from the area of Rovinj. Oocytes and early embryonic stages could only be identified in specimens collected in the early summer season. They are strongly stained with the PoAb-RTKvs (Fig. 3) . Oocyte formation is predominantly seen adjacent to the cortex region of the specimen. The rim of small hollow structures (< 5 µm) reacted with these antibodies due to an 'edge-effect'; these holes had been created artificially by the dissolution of the spicules and do not reflect native cellular structures. Pre-immune rabbit serum did not show any reaction with tissue structures; likewise no staining was obtained if the tissue slices were only incubated with the secondary antibody (data not shown). The PoAb-RTKvs are the first tool available to specifically stain reproduction bodies in S. domuncula and may cross react with these structures in other species of sponge. It is interesting to note that in the same specimen different differentiation states, ranging from oocytes to larvae, can be detected with PoAb-RTKvs. The following stages have been identified: (i) oocytes of a size of ≈90 µm (Fig. 3A) can be visualized in close vicinity to the canals. The mature eggs contain yolk (vitelline) inclusions. The prominent nucleus (measuring 5 µm) can be seen on other sections (Fig. 3 B,C) . The oocytes and also the later stages during larvae formation, are surrounded by a delimiting (= follicle) epithelium, which is not stained in small cavities (Fig. 3) .
(ii) Later stages of larval development could also be identified in the same specimen such as embryos at the morula stage (Fig.  3D) . The size and the appearance of the morula is similar to that described from the demosponge Neocoelia crypta (Vacelet, 1979) .
Again, this stage is well embedded in a cavity surrounded by a follicle epithelium. (iii) The next stage observed is the developing (Fig. 3E ) and mature larva (Fig. 3F) . The morphology of the S. Rooted phylogenetic tree constructed from these two FEM proteins together with the related proteins from mouse, the fem-1 homolog c (FEM1c_MOUSE, NP_775599), the hypothetical protein CG6966-PA (CG6966_DROME, NP_650415), the feminization 1 homolog from C. elegans (FEM-1_CAEEL, NP_500824.1; Krakow et al., 2001) , as well as the distantly related sequences from the yeast S. cerevisiae Avo2p (AVO2p_YEAST, NP_013784.1) and from the plant A. thaliana, the ankyrinrelated protein (ANKr_ARATH, NP_178442.2). After alignment the tree was built and rooted using the plant sequence as an outgroup.
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(SAAr_SUBDO) is aligned with the human sperm associated antigen 7 (SAA7_HOMO, NP_004881). The hydrophilic segments are underlined (hatched lines). (B) The sponge and the human sequences were compared with the following sequences to construct a rooted tree: the hypothetical polypeptide CG2608-PA from D. melanogaster (CG2608_DROME, NP_610042); the C. elegans polypeptide (5C850_CAEEL, NP_503655.2) a distantly related putative protein with at least 11 transmembrane domains; the yeast [S. cerevisiae] regulator of phospholipid synthesis Snf2p (SNF2p_YEAST, NP_014933.1); the hypothetical protein T3F12.5 from A. thaliana (T3F12_ARATH, T00944) which was used as outgroup. ----------------------------------------------- domuncula larva is the same as that described for Hymeniacidon caruncula (Diaz, 1973) and can be termed a coeloblastulae. No characteristic spermatocytes could be unequivocally identified. However, since oocytes as well as larval stages have been identified in the same specimen, it may be concluded that the fertilization of the oocytes occurs internally and the larvae are released. Hence, in S. domuncula the development of the embryos is distinguished from that of S. massa which has been described to be oviparous (Diaz, 1973 and 1979a) .
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Seasonality of RTKvs_SUBDO protein expression level
The protein expression level of the SDRTKvs gene has been quantitatively assessed with PoAb-RTKvs by Western blotting. Animals had been collected throughout the year 2001 in the Adriatic Sea. Extracts were prepared and the same amount of protein was subjected to Western blot analysis using the antibodies PoAb-RTKvs. As expected from the calculated size of the RTK (calculated M r of 89,431) a band of approximately 90 kDa was observed after reacting the blot with a labeled secondary antibody (Fig. 4B) ; the corresponding Coomassie stained gel is also shown (Fig. 4A) . Since, as expected, the expression level of a regulatory receptor is low, several nonspecific background bands appeared. Specimens from January/February (lane a: 1/2 in Fig. 4 ), May/ June (b: 5/6), July/August (c: 7/8) and September (d: 9) were analyzed. It is shown that the band corresponding to 90 kDa, comigrating with the sponge RTK, is absent in winter while a strong reaction is seen in late spring/early summer and it subsequently declines in strength towards the autumn (Fig. 4B) . A graphical representation of the intensities of the 90 kDa band is given in Fig.  4C .
Putative sponge sex-differentiation gene FEM1 and its deduced protein
From the S. domuncula EST database the complete sequence of SDFEM1L was obtained. The 2000 nt long insert comprises one open reading frame (ORF) ranging from nt 4/6 to nt 1891-1893 (stop) .
Northern blot analysis revealed a single band of ≈2.1 kb, indicating that the clone is of full length (see below). The translation product of SDFEM1L of 629 aa has a calculated size of Mr 69,936 and was named FEM1L_SUBDO (Fig. 5A) . Six characteristic ankyrin repeats can be identified (Isrec-Server, 2003) , which are at the same positions within FEM1L_SUBDO as in sequences of other animals (Fig. 5A) . One transmembrane region can be found which ranges from aa 415 to aa 431 (Rao and Argos, 1986;  Fig. 5A ).
Phylogenetic analysis FEM1L_SUBDO showed a high similarity with the metazoan feminization proteins in database analysis. The sponge FEM protein has, except for the arrangement of the ankyrin repeats, no high overall similarity to related proteins in other metazoans. The human feminization 1 homolog protein [group c] (accession number AY249188; Ventura-Holman et al., 2003) and the sponge protein show a correlation of 43% similarity and 25% identity. The relationship to other metazoan proteins is in the same order of magnitude, including the feminization 1 homolog a from C. elegans (Krakow et al., 2001) . Only a distant similarity exists with the yeast or plant sequences (<20% similarity/<10% identity). Hence, the tree rooted with the plant protein shows that the S. domuncula FEM protein forms the basis of metazoan proteins ( Hence, the sponge FEM1L_SUBDO forms the basis of the metazoan FEM family members.
Sponge gene coding for sperm associated antigen
The complete cDNA from the S. domuncula gene encoding the sperm associated antigen-related protein has been isolated and sequenced. The 902 nt long insert, termed SDSAAr, comprises between nt 58/60 to nt 799/801 (stop) the ORF for the putative sperm associated antigen-related protein, SAAr_SUBDO (Fig. 6A) . The 247 aa long polypeptide has a calculated Mr of 27,791. The first protein of this family was found from fox and was named FSA-1 (Beaton et al., 1994) . Later the human homologue was identified (accession number NP_004881) as sperm associated antigen 7.
As reported in the first study (Beaton et al., 1994) FSA-1 comprises no specific domain found in other proteins, but large stretches of hydrophilic regions. In the S. domuncula SAAr_SUBDO these hydrophilic segments are also present. No eukaryotic signal peptide could be predicted PC/GENE (1995). In order to check the size of the transcript of SDSAA, Northern blot analysis was performed that revealed a size of 0.9 kb (Fig. 7) .
Phylogenetic analysis
The phylogenetic analysis is interesting, since the sponge sequence SAAr_SUBDO shares a high sequence relationship with the human sperm associated antigen 7 sequence and the insect (D. melanogaster) polypeptide CG2608-PA (NP_610042); the similarity score to them is high (>50% similarity/>40% identity). Because no similar protein exists in C. elegans, yeast (S. cerevisiae) and plant (A. thaliana) databases, the relation to the latter three organisms cannot be resolved in the rooted phylogenetic tree. However, the sponge, human and insect sequences cluster together (Fig. 6B) . The lack of a related sperm associated antigen sequence in C. elegans confirms earlier suggestions that the nematode with its reduced genome underwent an accelerated evolution .
Expression studies of the genes SDRTKvs, FEM and SAAr
The results summarized in the previous sections suggest that the expression of the marker genes indicative for sex-differentiation, is season-dependent. One factor for this modulation, as reported for S. massa, is a change of temperature (Diaz, 1973; Diaz, 1979a and 1979b) . A close correlation was established between a temperature shift of about 7°C during May and the production of oocytes. Since S. domuncula lives in a depth of around 20 m, in a biotope which shows only moderate changes of temperature of approx. 5°C from spring/summer to winter, specimens were treated in the aquarium at the elevated temperature (from 18°C to 22°C) for up to five days. Northern blot experiments were performed as described under "Materials and Methods" to determine any change in the level of expression of the three genes after temperature treatment. The experiments revealed that almost no signal could be detected in RNA prepared from non-treated animals using the probe for SDRTKvs, for FEM1 (SDFEM1l), or for the sperm associated antigen (SDSAAr) (Fig.  7) . However, RNA analysis of specimens treated at an elevated temperature, showed a more than 3-fold increase in the expression of these 3 genes (Fig. 7) . The housekeeping gene β-tubulin cDNA (SDTUB) was used as a control; its expression level did not change.
Identification of cells, expressing SDFEM1L or SDSAAr
Cryosections were prepared and hybridization was performed with labeled probes for FEM1 (SDFEM1L) and for sperm associated antigen (SDSAAr) Fig. 8 . Sections from tissue which had been maintained at 18°C did not show any signal using antisense SDFEM1L (Fig. 8A a) or SDSAAr (Fig. 8B a) ssDNA probes. Fig. 7 . Steady-state expression of the gene for the S. domuncula RTK/ FGFR (SDRTKvs), FEM1 (SDFEM1l) and the sperm associated antigen (SDSAAr) in response to a temperature shift from 18ºC to 22ºC. The animals were exposed as described under "Materials and Methods". Subsequently, RNA was isolated and equal amounts were size-separated, transferred and probed with the labeled SDRTKvs, SDFEM1l or SDSAAr cDNA probes. As an internal standard the RNA samples were probed with the S. domuncula β-tubulin cDNA (SDTUB). Lanes: (a) control material, (b) after 3 days and (c) after 5 days at an elevated temperature.
However, if the animals had been kept at 22°C, expression of both genes was observed in cells surrounding the aquiferous canal system, for SDFEM1L (Fig. 8A b,c) or for SDSAAr (Fig. 8B b,c) after 3 days. A further increase in the intensity of the hybridization signal occurred if the incubation at 22°C was carried out for 5 days; for SDFEM1L (Fig. 8A d-f ) or for SDSAAr (Fig. 8B d-f) . It is worthy of note that the cells which react with these probes cluster together and some of these cell bodies start to grow out from the tissue; e.g. for SDFEM1L (Fig. 8A e,f) or for SDSAAr (Fig. 8B df ). No reaction is seen if the cells are treated with both sense probes (not shown).
Discussion
The central focus of this report is on the plasticity of sponge cells and the differentiation of germ cells in particular. Until 1998 (Ferrari et al., 1998) it was accepted that in mammalian systems only embryonic stem cells are pluripotent (Blau et al., 2001 ). This view, however, has changed since it has been experimentally proven that adult stem cells also have the propensity to differentiate into several cell lineages (reviewed in: Blau et al., 2001; Engelhardt et al., 2003) . The consequence of this new stem cell concept is that these adult cells comprise a high plasticity and are able to differentiate into multiple cell types, depending on their environment, meaning that the "differentiation point of no return" might not exist for some cell types (Jiang et al., 2002) .
In the light of these new studies on mammalian systems, it is interesting to revisit the question of sponge cell differentiation and plasticity. In 1979 (Diaz, 1979b) it was suggested that sponge cells have the potency to differentiate into (almost) any cell type via the archaeocyte stage. This view was opposed by the assumption that -with a few exceptions (Connes et al., 1972 ) -the differentiation from archaeocytes induces irreversible changes which eliminate their pluripotent propensity (Simpson, 1984) . With respect to germ cells in sponges, the majority of studies on spermatogenesis report the development of spermatids from spermatocysts and spermatogonia, originating directly from func-tional choanocyte chambers (Paulus, 1989; Barthel and Detmer, 1990) . The origin of oogonia is less clear; they were reported to derive from choanocytes in Suberites massa (Diaz, 1979b) , but most authors recognize the precursors of eggs among the mesohyl cells as archaeocytes (Simpson, 1984) . Hence, the identification and description of putative stem cells which generate primordial germ cells in sponges has not been possible. However, compelling morphological evidence for the origin of gametes from fully differentiated somatic cells, such as choanocytes, argues against a clear separation of the germinal and somatic cell lineages . Gene expression studies, using the sponge in vitro cell system, the primmorphs, allowed a closer insight into the differentiation pathways of the omni/pluripotent archaeocytes in sponges (Müller et al., 2003a and 2003b) . It could be established that specific genes are upregulated if archaeocytes are triggered to a differentiation process by specific signals, e.g. silicate. Marker genes have been established, like noggin or silicatein, which strongly suggest that the omni/pluripotent stem cells are located in the epithelial layer of the aquiferous canal system in sponges and not in the internal tissue, the mesohyl , as suggested earlier (Simpson, 1984) . This assumption is corroborated by the experiments presented here. The morphological studies performed with S. domuncula showed that the oocytes and larvae are formed in the vicinity of the canal system, as expected since they have to be released via this route. The antibodies directed against the newly described RTK, which were developed during this study, showed that the staining of the oocytes and larvae is restricted to these reproductive bodies. Monitoring the expression of two genes which are possibly involved in sexual-differentiation, the FEM-like gene and the gene encoding the sperm associated antigen, has revealed that they are exclusively induced in cells in the direct vicinity of the canals. Hence, it can be concluded that the differentiation process to the germ cell cysts starts from the epithelium of the endopinacoderm. Future studies must show if the encapsulation of oocytes and larvae into follicle chambers is driven by cells of the canals. Studies in this line are in progress, but they have been hampered by the fact that it was, until now, difficult to synchronize 
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sexual reproduction in sponges. Solid work has been performed which revealed that a temperature shift was likely to be the major factor for the induction of gametogenesis (Diaz, 1973; reviewed in: Simpson, 1984) . These results led to the design of the experiments in the present study. After raising the water temperature in the aquaria, the S. domuncula specimens started to express the FEM-like gene and also the gene encoding the sperm associated antigen, supporting the possibility of their role in gamete formation. However, other factors, e.g. age and size of the animals, or physical factors, e.g. change in salinity, might also contribute to gametogenesis, even though no conclusive data have been yet presented (Diaz, 1979a and 1979b; and reviewed in: Simpson, 1984) . One major autapomorphic character of Metazoa, perhaps including the choanoflagellates (King and Carroll, 2001) , are the receptor tyrosine kinases, which are thought to have first evolved in Porifera, probably from the Ser/Thr kinases (Kruse et al., 1997) .
The RTK described in the present study is of importance for two reasons. First, the intracellular characteristic and indicative RT domain comprises high sequence similarity to the FGFR family. No member of this class of kinases has been described from Porifera before (Suga et al., 2001) . FGFR are known to be involved in embryonic development (Feldman et al., 1995) as well as in normal and abnormal tissue development (Wilkie et al., 1995) . Furthermore, the extracellular, ligand-binding segment of this sponge RTK shares no remarkable sequence similarity to any protein stored in the databases. Our hypothesis that this RTK might be involved in embryogenesis in S. domuncula was supported by the antibody studies. Antibodies were raised against the extracellular part of the receptor and immunocytochemistry demonstrated unequivocally that they recognize oocytes and larvae. The suitability of these antibodies can also be deduced from the fact that they recognize not only germ cells, but also larval stages. This specific immunoreactivity implies that the respective embryonal cells contain a distinct set of cell surface markers/antigens whose diversity must be explored further in the future. It is also of interest that the level of gene expression is upregulated after administering a temperature shift to the specimens. These two pieces of evidence suggest that this RTK, RTKvs_SUBDO, plays a controlling function in the development of larvae. Moreover, the data indicate that the FGFR existed prior to the radiation of the triploblasts; this was not clear before (Coulier et al., 1995) .
No model system exists for sponges to identify genes expressed in gametogenesis and/or larval developmental, e.g. by differential display of mRNA. Therefore we approached this task by selecting ESTs from our database (http:// spongebase.genoserv.de/) on the basis of sequence/domain similarity to molecules in higher metazoan phyla. Among the most promising sequences are members of the FEM1 family which code for molecules which suppress the development to the female phenotype in the nematode C. elegans (Hodgkin, 1986) .
In mammals the homologues comprise a conserved role in developmental functions (Ventura-Holman et al., 2003) . The S. domuncula protein is, like the related molecules from higher phyla, also composed of several ankyrin repeats, positioned in the same regions within the deduced protein. In C. elegans FEM1 regulates the function of the transcription factor tra-1 which is crucial for female development. Since FEM1, which is involved in protein:protein interaction (Spence et al., 1990) , is expressed in C. elegans in cells of both sexes (Gaudet et al., 1996) , its activity must be post-translationally regulated, perhaps by FEM2 which is a Ser/Thr protein phosphatase (Chin-Sang et al., 1996) . Studies to further elucidate this pathway in S. domuncula are in progress. At present we have no conclusive, molecular information if S. domuncula specimens exist in two sexes and/or as self-fertilizing hermaphrodites, like C. elegans (Hodgkin, 1986) . However, the fact that several differentiation stages of larval development can be observed in the same tissue sections, provides some evidence that S. domuncula might be a hermaphrodite species. This type of sex determination would also be of advantage for this species because it only rarely lives in dense populations. In addition, this species lives in an environment with high water current were successful fertilization would be very unlikely if gonochorism prevailed. The observed increase of the expression level of SDFEM1L and the location of the expression in situ, is in accordance with our hypothesis that FEM1 functions in S. domuncula during sexual differentiation.
A protein which is known from mammals to stain a 36 kDa sperm antigen (Beaton et al., 1994) , was deduced from S. domuncula cDNA and termed 'sperm associated antigen'. In mammals, the monoclonal antibody is specific for spermatids and the occurrence of the gene has been demonstrated for a series of species, suggesting a degree of conservation. In S. domuncula the transcripts have been identified and are especially highly expressed during the summer season. Again, the expression of SDSAAr is highly upregulated in response to temperature shift of 4°C after 3 to 5 days. Expression of SDSAAr around the canals is the same as that observed for SDFEM1L and it can be stated that both genes (SDSAAr and SDFEM1L) are expressed in primordial areas which give rise to germ cells. To date, insufficient caryological analysis of sex determination in sponges has been performed (Sarà, 1992) and molecular biological experiments were lacking until the present report. Therefore, conclusive data on cell lineage from totipotent archaeocytes to germ cells, was not available. It was proposed that germ cells may originate from archaeocytes, one of only a few cell types that exist in sponges (Borojevic, 1970; Koziol et al., 1998) . However, it was also proposed, especially for the male lineage, that the germ cells originate from choanocytes (Sarà, 1992) , suggesting that these cells are the source for both female and male germ cells. The major advance presented in this study is the development of molecular tools which will enable the study of the origin of germ cells in sponges and allow the tracing of their fate during larval development. This was the first, but most difficult step, towards defining sexual differentiation in Porifera.
With over 15,000 ESTs from S. domuncula available, the next step will be expression analysis using DNA microarrays.
Materials and Methods
Chemicals, materials and enzymes
The sources of most chemicals and enzymes used were given earlier (Kruse et al., 1997; Wimmer et al., 1999; Krasko et al., 2000) . Silane-prep slides were obtained from Sigma-Aldrich (Taufkirchen, Germany); nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (X-phosphate) from Roth (Karlsruhe; Germany); blocking reagent for nucleic acid hybridization and detection, anti-digoxigenin Fab fragments from Roche Diagnostics GmbH (Mannheim; Germany); Tissue-Tek from Sakura (Zoeterwoude; The Netherlands); ammonium fluoride (NH 4 F), fluoric acid 48% (HF) and paraformaldehyde (PFA) from Aldrich-Sigma (Taufkirchen; Germany).
Sponges
Live specimens of S. domuncula (Porifera, Demospongiae, Hadromerida) were collected in the Adriatic Sea near Rovinj (Croatia). Amusiidae]. To confirm species identity, sequence analyses of rRNA (18S and 28S) were performed at the genomic level. The rRNA of the small as well as of the large subunit, together with the LSU and SSU regions, was compared between S. domuncula (phenotype Adriatic Sea) and S. ficus (Scotland) specimens. The rRNA sequence from S. ficus was taken from the database (Medina et al., 2001) . From S. domuncula a 1737 nt segment from the SSU rRNA sequence was cloned and sequenced, according to standard procedures (Ausubel et al., 1995) and compared with the corresponding stretch from S. ficus (accession number AF100947; nt 1 to nt 1738 ). The result revealed a 100% identity between the two sequences. The same approach was performed with the LSU rRNA sequence. Again, a 3106 nt long segment from the S. domuncula LSU rRNA was sequenced and compared with the corresponding sequence from S. ficus (Medina et al., 2001 ; AY026381; nt 1 to nt 3055 ). Among the 12 differences found between the S. domuncula and S. ficus sequence, only two changes appeared to be real; the others are considered as ambiguities, e.g. if compared with the other corresponding sponge sequences such as the Mycale fibrexilis 28S large subunit rRNA gene (AY026376).
Based on this finding we adopt, in accordance with Burton (1953) , the view that S. domuncula and S. ficus are the same species (Suberites domuncula sensu Burton, 1953) having different morphotypes, likely due to the different substrate they grow on and both have been used in the current study. The sponges in the aquarium were kept at 18°C. For the studies to determine the temperature-dependent expression level of the two genes FEM (SDFEM1L) and sperm associated antigen (SDSAAr), specimens were kept at 22°C for up to 5 days, prior to Northern blot analysis.
Histological analysis
Fresh sponge tissue from the Adriatic Sea was fixed in 2% paraformaldehyde (Romeis, 1989) ; after dehydration the samples were embedded in Technovit 8100 (Beckstead, 1985) , according to the instructions of the manufacturer as outlined in Pancer et al. (1996) . Sections of 8 µm thickness were prepared. The sections were stained with the trichrome stain ASTRIN (Kovács et al., 1982) and subsequently inspected. Samples from the Atlantic were fixed and stored in Bouin's for at least two weeks to aid softening of the spicules. They were then embedded in wax, sectioned and stained using haematoxylin and eosin by standard methods. Tissue samples from sponge specimens, either from the Adriatic Sea (Rovinj) or from the Atlantic (Scotland) were collected throughout the annual season or used after maintenance in the aquarium.
In situ hybridization
To remove the silica spicules from the tissue of S. domuncula small pieces of sponge tissue were incubated with HF/NH 4 F. After incubation and washing the sponge pieces were embedded in Tissue-Tek and kept in isopentane at -80°C before cutting.
In situ hybridization was performed with digoxigenin-labeled (DIG) ssDNA probes. Labeling was carried out with the "PCR DIG Probe synthesis Kit" (Roche). DNA oligonucleotide probes were constructed, based on the S. domuncula cDNAs. The SDFEM1L probe was 523 bp long (nt 172 to nt 694 ). The SDSAAr probe covered the segment from nt 169 to nt 571 (403 bp). The hybridization method was described previously (Polak and McGee, 1998 ) with essential modifications (Perovic et al., 2003) . 8-µm thick cryosections (on "Silane-prep slides") were fixed with paraformaldehyde and washed with PBS at room temperature. The sections were incubated with 1 µg/ml of Proteinase K for 30 min at room temperature. After treatment, the sections were fixed again with paraformaldehyde. To remove color from the cells, the sections were incubated with increasing concentrations of ethanol and finally with isopropanol. After rehydration the sections were hybridized with DIG-labeled antisense and sense ssDNA probes. Sense probes were used in parallel as negative controls in the experiments. After blocking, the sections were incubated for 1 h at 37°C with an anti-DIG antibody conjugated with alkaline phosphatase. After two washes the dye reagent NBT/X-Phosphate in a Tris-buffer (100 mM Tris/HCl, pH 9.5; 100 mM NaCl and 50 mM MgCl 2 ) was used for visualization of the signals.
S. domuncula receptor tyrosine kinase (SDRTKvs)
In a screening program for tyrosine kinases from S. domuncula, degenerative primers were used to amplify parts of cDNAs encoding TK subdomains VIb-IX (Cetkovic et al., 2004) . Polymerase chain reaction (PCR) was performed on the total S. domuncula cDNA library prepared in a Lambda ZAP Express vector (Kruse et al., 1997) and amplified fragments were cloned and sequenced. Numerous TK subdomains VIb-IX have been identified. In the next step, the mixture of digoxygenin-11-dUTP labeled cDNA fragments encoding TK subdomains VIb-IX was used as a hybridization probe to screen the S. domuncula cDNA library.
Several cDNAs encoding TKs were identified and sequenced using the automatic DNA sequenator AlfExpress (Cetkovic et al., 2004) . We describe here a 3516 nt long cDNA, termed SDRTKvs which codes for RTKvs_SUBDO.
Sponge sex-differentiation genes FEM1 and sperm associated antigen
From the S. domuncula EST data base (http://spongebase.genoserv.de) partial sequences for a FEM1 and a sperm associated antigen were selected. The sequences, termed SDFEM1L, encoding a putative FEM1L protein (FEM1L_SUBDO) and SDSAAr, from which the sponge sperm associated antigen-related protein has been deduced (SAAr_SUBDO), were completed by 5'-and 3'-RACE. The complete cDNAs, SDFEM1L with a size of 2000 nt in the insert and SDSAAr with a length of 902 nt, were obtained.
Sequence analysis
The sequences were analyzed using computer programs Blast (2003) and FASTA (2003) . Multiple alignments were performed with CLUSTAL W Ver. 1.6 (Thompson et al., 1994) . Phylogenetic trees were constructed on the basis of aa sequence alignments by neighbor-joining, as implemented in the "Neighbor" program from the PHYLIP package (Felsenstein, 1993) . The distance matrices were calculated using the Dayhoff PAM matrix model as described (Dayhoff et al., 1978) . The degree of support for internal branches was further assessed by bootstrapping (Felsenstein, 1993) . The graphic presentations were prepared with GeneDoc (Nicholas and Nicholas, 1997) .
Recombinant S. domuncula receptor tyrosine kinase RTKvs_SUBDO and raising of antibodies
The extracellular part of the RTKvs_SUBDO from S. domuncula was expressed using the corresponding segment of the SDRTKvs. The cDNA section was isolated by PCR using the forward primer f1 (5'-GGA TCC ATG CTA ACA AAT AGA GCT CAA AAG-3' [the Bam HI restriction site is in italics and underlined]; nt 658 to nt 682 ) and the reverse primer r1 (5'-CTC GAG GGT AAT ACA TCC ATT ATC ACC AAG-3' [Xho I]; nt 1740 to nt 1764 ). The length of the PCR product of 1107 bp was used for expression in E. coli. The cDNA was cloned into the bacterial glutathione-S-transferase/oligohistidine/S expression vector pET41a (Novagen, Madison WI; USA) via the corresponding restriction sites. After transformation with this plasmid, expression of fusion protein was performed in E. coli strain BL21 for 6 h at 37°C with 1 mM isopropyl 1-thio-β-D-galactopyranoside (IPTG) (Ausubel et al., 1995) . The fusion protein was extracted and purified first using the His "tag purification kit (Novagen, Madison WI; USA) and subsequently with the glutathione-S-transferase "tag purification kit (Pharmacia, Freiburg; Germany) as recommended by the manufacturer. Finally, the fusion protein was cleaved with enterokinase (5 units; Novagen) as recommended. The recombinant RTK, r-RTKvs, was obtained tag-free through purification in a batch procedure using the glutathione-S-transferase "tag purification kit; the recombinant protein remained in the supernatant. The purity of the material was checked by 10% polyacrylamide gels containing 0.1% NaDodSO4 according to Laemmli (1970) . The protein was dialyzed against 25 mM Tris-HCl buffer (pH 7.2).
Polyclonal antibodies (PoAb) were raised against the recombinant sponge r-RTKvs in female rabbits (White New Zealand) as described (Schütze et al., 2001) . After three boosts the serum was collected and screened in a conventional ELISA assay as well as by Western blotting; the PoAb were termed PoAb-RTKvs. In control experiments 100 µl of the PoAb-RTKvs were adsorbed to 20 µg of r-RTKvs (30 min; 4ºC) prior to use; this preparation did not recognize any protein in the Western blot analysis (data not shown).
Immunohistochemistry
After fixation, tissue was treated with HF/NH 4 F to remove the spicules (Perovic et al., 2003) . 8 µm thick sections were prepared and permeabilized by incubation with methanol. After blocking with 0.3% bovine serum albumin for 30 min, sections were incubated with PoAb-RTKvs (1:250 dilution) overnight at 4ºC. Then, after washing, alkaline phosphatase conjugated goat anti-rabbit immunoglobulin (Dako, Carpinteria; Germany) was used as a secondary antibody (1:40). The sections were incubated with the substrate NBT/ x-Phosphate and inspected microscopically.
Western blotting
For the identification of RTKvs_SUBDO in sponge tissue, extracts were prepared as described (Böhm et al., 2000) . Tissue samples were homogenized in lysis-buffer (1x TBS [Tris-buffered saline], pH 7.5, 1 mM EDTA, 1% Nonidet-P40, 10 mM NaF, protease inhibitor cocktail (Roche, Mannheim; Germany) [1 tablet/10 ml]), centrifuged and the supernatants were subjected to Western blot analysis. The extracts were subjected to 10% polyacrylamide gels/0.1% NaDodSO4 (PAGE) as described (Laemmli, 1970) . The membranes were incubated with rabbit PoAbRTKvs (1:500 dilution); the immune complexes were visualized by incubation with anti-rabbit IgG (alkaline phosphatase conjugated), followed by staining with 4-chloro-1-naphthol. To quantitate a given signal on the blots, scanning with the GS-525 Molecular Imager (Bio-Rad) was performed. The relative values, with respect to the highest signal (set to 1.0) seen, are given.
RNA preparation and Northern blot analysis
RNA was extracted from liquid-nitrogen pulverized tissue with TRIzol Reagent (GibcoBRL, Grand Island, N.Y.) as described (Grebenjuk et al., 2002) . Then 5 µg of total RNA was electrophoresed and blotted onto Hybond-N+ nylon membrane (Amersham; Little Chalfont, Buckinghamshire; UK). Hybridization was performed with a 550 nt large part of thenSDRTKvs cDNA, a 600 nt long SDFEM1L probe and a 350 nt segment of the SDSAAr cDNA.
Regions spanning the open reading frames (ORF) were selected. The house-keeping gene β-tubulin, SDTUB (accession number AJ550806), of S. domuncula was used as an internal standard. The probes were labeled with the PCR-DIG-Probe-Synthesis Kit (Roche, Mannheim; Germany). After washing DIG-labeled nucleic acid was detected with anti-DIG Fab fragments and visualized by chemiluminescence technique using CDP (Roche).
